We have Isolated two genomic clones containing three B2 high-sulphur keratin genes from a sheep genomic library constructed in Charon 4A. These genes do not contain intervening sequences. Two genes, encoding the B2A and B20 proteins are closely linked in the genome, being separated by 1.9 kb, and are transcribed in the same direction. Although there is extensive sequence conservation in the 5' non-coding and coding regions, the 3' non-coding regions diverge both in length and sequence. Within the 5' non-coding region adjacent to the Initiating AUG there is a highly conserved 18 bp sequence which is also present in another gene coding for a member of a different, unrelated high-sulphur keratin family. In the B2A-B2D intergene region, tightly linked to the B2D gene, there is a putative, divergently transcribed gene.
INTRODUCTION
Keratins are Insoluble intracellular proteins found 1n the epidermis and in epidermal derivatives such as scale, feather, hair and wool of higher vertebrates. It is now apparent that in vertebrate epidermal cells, irrespective of whether they keratinize or not, the intermediate filaments of their cytoskeleton are composed of keratin polypeptides (1) . In mammalian epidermis these polypeptides range in size from 50-67 kd (2) and constitute a class of intermediate filaments 8-10 nm in diameter. Interestingly, 1t is becoming clear that the a-helical coiledcoil substructure of keratin filaments is not only shared with other classes of intermediate filaments (3) but also with the fibrillar component of keratinized wool fibre cells (4, 5) . These cells have a condensed cytoplasm of fibrous protein (6) and can now be regarded as being constituted of intermediate filament proteins specific for sheep wool. These proteins, containing around 5 mole % cysteine and ranging in size from 40-60 kd, can be extracted from sheep wool fibres and are known as low sulphur proteins. Fractionation studies and sequencing data (7) have suggested that they comprise a class of closely-related polypeptide chains, the products of multiple keratin genes (8) .
The wool fibre cells are more complex in their structure than epidermal cells because they contain two additional classes of protein families. These are the 11-26 kd high-sulphur protein family containing up to 30 moles % cysteine and the 6-9 kd h1gh-glydne/tyrosine protein family containing up to 30 and 15 moles X respectively of those amino acids (7, 9 ; Table 1 ). During keratinocyte differentiation in the wool follicle the low-sulphur keratins are assembled into the filaments or microfibrils which are oriented within the elongated cells organised along the fibre. In contradistinction to events 1n the epidermis, the filaments become embedded in a matrix composed of both the high-sulphur proteins and the high-glyc1ne/tyros1ne proteins from which the fully keratinized cell is produced after disulphide cross-linking between the different proteins is complete. Thus, during the growth of a wool fibre from its follicle control must be exercised over several multigene families to produce a coordinated synthesis of the keratin proteins.
The relative proportions of the three wool keratin protein families can vary between species and even within species (10) , and they are known to fluctuate 1n response to dietary, chemical and hormonal changes (11, 12, 13) . This component variability may reflect changes in the mRNA' s transcribed or 1n their translation but nothing is known at present about the types of control that might be involved with these changes. Their Investigation requires the use of specific gene probes and such probes are now available as a result of the present study.
Our initial investigation of the genomic arrangement of the wool keratin genes has centered on the proteins of the B2 high-sulphur family. This family comprises at least three proteins, B2A, B2B and B2C of 171, 156 and 151 amino adds respectively, all of which have been analysed by protein sequencing and show considerable homology to one another (7) . The extensive conservation of protein sequence among these proteins suggested that a single probe might be sufficient to locate sequences coding for them from a sheep genomic library. Using a B2C cONA probe containing part of the coding and 3 1 non-coding sequence we have isolated two different sheep genomic clones. This report details some interesting features of the sequences of three keratin genes found within these clones and the intergene region between two of them. The structural data not only provides protein sequences previously unavailable but 1t also reveals some sequences that may play a role 1n the expression of the keratin genes. As a consequence new insights into the evolution and function of the proteins and their genes should be achieved.
MATERIALS AND METHODS

Isolation of Genomic Clones
Sheep genomic clones containing genes of the B2 high-sulphur keratin family were selected from a XCharon 4A sheep library (prepared and kindly donated by P.J. Kretschmer (14) . Prehybridization and hybridization conditions were as described by Wahl et a!. (15) .
Twenty positive plaques were detected and six were plaque-purified. Phage DNA was prepared from small liquid cultures essentially as described by Kao et al. (16) .
Subcloning into pBR322 and M13 Vectors
The three EcoRI restriction fragments from XSWK1 and the EcoRI/H1nd
III fragment encompassing the B2D gene were 11 gated Into the appropriate sites of pBR322 from total digests of XSWK1 (Insert size, 18.5 kb)
producing the following clones; pxSWKl-1 (2.2 kb EcoRI/EcoRI), pXSWKl-2 (3.6 kb EcoRI/EcoRI), pXSWKl-3 (12.7 kb EcoRI/EcoRI) and pxSWKl-4 (3.7 kb EcoRI/H1nd III). The Hind III/EcoRI fragment from XSWK2 (insert size, 15.5 kb) containing the B2C gene was similarly Isolated; pxSWK2-3 (1.9 kb H1nd III/EcoRI). Plasmid DNA was isolated by the alkaline-SDS lysis procedure of Birnboim and Doly (17) .
Appropriate restriction fragments from pXSWKl-2 and pXSWK2-3 were Isolated from acrylamide gels by the "crush-soak" method of Maxam and Gilbert (18) and cloned into the M13 vectors, M13mp83 and M13mp93 (19) .
Single-stranded phage DNA was prepared as described by Winter and Fields (20) .
Isolation of RNA Sheep wool follicle poly (A)+ RNA was initially isolated from polysomes as described by Ward and Kasmarik (21) and later from total follicle RNA by the following procedure. Wool follicles were collected by a modification of the method of Wilkinson (22) employing a quick-setting dental resin (Dentimex Zeist, Holland) rather than overnight adhesion with Araldite. Immediately upon separation, the resin strips with adhered follicles were plunged into liquid nitrogen. Frozen follicles were scraped from their backing strips into a small volume of liquid nitrogen and transferred to a sterile homogenizer containing a freshly prepared solution of 6M guan1dine-HCl, 0.2M sodium acetate (pH 5.5), l mM s-mercaptoethanol. On thawing, the mixture was thoroughly homogenized, then centrifuged to remove cellular debris, wool fibres and resin. Nucleic acids were precipitated from the supernatant by addition of an equal volume of ethanol and storage at -20° for at least 3 hrs. Subsequent steps in the guanidine-HCl extraction were as described by Brooker et al. (23) except that nucleic add precipitation from guanidine-HCl was effected with an equal volume of ethanol, not 0.5 volumes. After the precipitation following phenol chloroform extraction, ONA and small molecular weight RNAs were removed by the high-salt precipitation method of D1az-Ru1z and Kaper (24) . Poly A (+) RNA was then isolated by ol1go(dT)-cellulose chromatography (25) . R-loop Mapping R-loop1ng was performed using sheep follicle poly A(+) RNA and X genomic clones or pBR322 subclones as described by Molloy et al. (26) . Labelling of Nucleic Adds DMA was labelled by nick-translation as described by Roop et al. (27) . C 32 P] cDNA to sheep follicle mRNA was prepared as described by Molloy et al. (26) . Southern Transfer and Hybridization Bi-directional transfers from agarose gels to nitrocellulose filters (Sartorius) were done as described by Smith and Summers (28) , and hybridization with cDNA or nick-translated probes was as described by Wahl et al. (15) .
DNA Sequencing
The sequence data of any given region are derived from more than one sequencing event and 1n most cases from sequencing both DNA strands.
Single stranded H13 recombinant clones were sequenced by the dideoxy chain-termination technique of Sanger et al. (29) using the Klenow fragment of DNA polymerase 1 (BoehMnger) and a synthetic 15-oier primer (Biolabs).
Isolated DNA fragments, end-labelled using either the Klenow fragment of DNA polymerase I or polynucleotide kinase (Biolabs), were sequenced as described by Maxam and Gilbert (18) .
Restriction Enzymes
Restriction enzymes were purchased from New England Biolabs or BoehMnger-Mannheim and DNA digestions were performed under standard conditions.
RESULTS
Isolation and Mapping of Two Genomic Clones
The high-sulphur keratin cDNA clone, pSWK20, which contains the 3' We have not yet determined the exact 5' termini of the mRNAs for the 3 genes, but given that the mRNA start site among genes so far examined 1s usually an A residue located 26-34 bp downstream from the first nucleotide of the TATA box (35, 38) it is likely that the boxed A residues shown in Figure 5 delimit the termini to within a few nucleotides, resulting 1n 5 1 non-coding sequences of ~ 50 bp. Inspection of these for consensus splice-junction sequences (35) suggests that there are no intervening sequences 1n the 5' non-coding region. The B20 mRNA may have ah alternative terminus located ~ 25 bp upstream as a consequence of Its second TATA box.
In Figure 5 the 5 1 non-coding sequences of the three B2 high-sulphur genes discussed 1n this paper are compared with the sequence determined for a cDNA clone (K. Hard and M. Sleigh, unpublished) representing a protein from another high-sulphur keratin family, the BII1B proteins (Table 1) . Within the 5' non-coding region there is considerable homology between the three B2 high-sulphur genes and the boxed region defines a sequence which is highly conserved between the three B2 genes and the BIIIB high-sulphur member. 5' to this box the B2C, and, to a greater extent the B2D sequence, begin to diverge from the model B2A sequence, while the BIIIB shows only 30% homology, comparable to random sequence. The homology within the boxed region seems particularly significant because the amino acid sequences of proteins within the BIIIB high-sulphur keratin family show no homology with those of the B2 family (7), and the BIIIB nucleotide sequence 5' to the box rapidly diverges from any of the B2 sequences.
D. 3' Non-cod1ng Sequences
The presumptive polyadenylation signals of the B2A and B2D genes are located at 330 bp and 550 bp from the respective termination codons. The sizes of the resultant mRNAs are consistent with the largest R-loops observed for each gene. In the case of the B2C gene there are 3 possible polyadenylation signals located within 400 bp of the termination codon. The sequence of pSWK20 a cDNA clone corresponding to the B2C gene indicates that its mRNA terminates after the second polyadenylation signal located at 280 bp from the termination codon. Although this definitely identifies the middle polyadenylation signal as being functional it does not preclude the possibility that the other two may also be functional.
Within the 3 1 non-coding regions the 3 genes show a low level of homology. A pairwise comparison, Introducing insertions or deletions to obtain optimal alignment, Indicates that the maximum level of homology that can be derived between them 1s 50-55% over 2 blocks of about 50 bp (data not shown). One block is contiguous with the termination codon and the other extends through the polyadenylation signal to the probable end of the mRNA.
Despite the overall minimal homology, a B2A/B2D 3' non-coding comparison reveals an Interesting feature; this 1s the conservation both 1n sequence and relative position of 4 individual sequence elements of 9-17 nucleotides which show a minimum of 851 homology (Figures 3 and 6 ). Sequence elements I and II occupy virtually Identical positions with respect to the termination codon, whereas elements III and IV flank the polyadenylation signal, and therefore in B2D they are displaced ~ 230 bp potential region of secondary structure 1n the DNA may provide a site for DNA-prote1n interactions affecting transcription termination, which in several eukaryotic genes has been found to occur well beyond the polyadenylation site (40, 41, 42, 43, 44) . suggests that this type of deletion event may be infrequent, a single deletion is probably sufficient to interrupt the alignment.
Direct repeats also occur within the coding region, and the 10 amino acid repeat units in particular form excellent, tandem direct repeats at the nucleotide sequence level. However, the conservation of amino add sequence and length in the B2 proteins outside the repeat units Indicates that there is a strong functional pressure acting to maintain the Integrity of this sequence. In contrast, the variation in the repetition frequency of the repeat units demonstrates that their number is less rigidly controlled. They are probably subject to the opposite genetic processes of gene conversion, tending to homogenize the number, and unequal crossing-over, tending to vary the number. The Sequence Conservation in the 5' Non-coding Region
The function of the conserved 18 bp sequence in the 5' non-coding region of 4 high-sulphur keratin genes ( Figure 5 ) is not clear. Part of it, from -7 to -11 ( Figure 5 ) can base pair with the conserved 3' end of eukaryotic 18S rRNA (48, 49) and may, therefore, play a role in ribosome binding.Theoretically stable structures have been proposed between the 5 1 ends of several eukaryotic mRNAs and the 3' end of 18S rRNA (49, 50, 51) , however, there does not appear to be a strong, invariant mRNA-rRNA sequence interaction in the initiation of translation within eukaryotes, unlike prokaryotes (52,53).
Regulation of protein synthesis In eukaryotes may Involve differential rates of Initiation of translation, and regulatory proteins that discriminate between different mRNAs would be attractive candidates for such a role. Indeed, there 1s some evidence for the existence and Interaction of such proteins with myosin mRNA during muscle differentiation (54,55). The conserved sequence adjacent to the AUG in the 5 1 non-coding region of the 4 high-sulphur keratin genes may participate in a specific protein-mRNA Interaction that accelerates keratin mRNA translation. This could be essential during the terminal differentiation stage of the keratinocyte in which there is a need for a switchover to the synthesis of massive amounts of many different keratin proteins. In this respect 1t is important to determine the extent of conservation of this sequence among the 4 high-sulphur keratin families and to see whether it is a property of sheep wool keratin mRNAs 1n general.
